Introduction
As it is well known, implant stability plays a major role in successful dental implantology. Primary stability (a mechanical phenomenon) is achieved when an implant has just been set in place and is related to bone quality [1] , implant geometry [2] [3] , and to the surgical technique [4] . Secondary stability (a biological phenomenon) is achieved via implant osseointegration, where new bone formation leads to an increase in stiffness of the peri-implant bone, and to bone-implant interlocking.
Optimizing secondary stability requires limiting micro-movements between the implant and the bone below 100 µm [5] , since they can potentially lead to fibrous bone formation [6] . Therefore a healing period, during which the implants are unloaded, is required.
On the other hand, load application to an implant is necessary to provide stimulus for bone maturation [6] .
Consequently, improved implant designs and surface treatments have led to new loading protocols, such as 'early loading' or 'immediate loading' [7] .
The question is therefore: how long should the healing period last? This debate is still open and is the object of many research studies [8, 9] . Seemingly, absolute indications cannot be given since the patient bone quality, the kind of implant and the outcome of surgical technique play a fundamental role [7, 10, 11] .
Establishing patient-specific loading protocols requires a non-invasive quantitative assessment of implant stability. An objective, quantitative measurement of implant stability prior to loading is very desirable, even if patients self-regulate masticatory load levels in relation to implant stability, to a certain extent [12] .
Vibrometry techniques could realize this aim, according to extensive data reported in the literature where numerical, experimental and clinical methods have been employed to establish the relationship between resonance frequencies and cortical bone thickness [13, 14] , trabecular bone density [13, [15] [16] [17] [18] [19] , implant length [14, 20, 21] , implant diameter [22, 23] and time elapsed since implant placement [18, 21, 24] .
Clinical studies have also been performed, to gain quantitative data about the lower limit of resonance frequency providing optimal primary stability [21, 25, 26] , or the required frequency to start implant loading [25] .
However, it is not clear if, and to what extent, the sensitivity of this technique, i.e. resonance frequency variation during osseointegration, is affected by implant design. Very different implant shapes are now available (long or short; cylindrical or tapered), with different threads (single or double thread; short or large pitch, etc), and the most sensitive vibration mode -the mode undergoing the highest frequency variation during osseointegration -might differ amongst implant designs.
The aim of the present study was to assess the influence of implant design on the resonance frequency variation during osseointegration, using Resonance Frequency Analysis (RFA). Details concerning the experimental set up and the boundary conditions of bone were also investigated, since they can have a considerable influence on the sensitivity of resonance frequencies to the osseointegration level: under specific circumstances the osseointegration effect could become completely uninfluential, as detailed in the following section.
Materials and Methods
Modern CAD-FEM (Computer Aided Design and Finite Element Method) methodologies have been extensively used in biomedical investigations to characterize biomechanical responses in dental applications [27] [28] [29] [30] [31] [32] .
Starting from these methodologies, four implants from the same manufacturer (ISOMED ® Dental Implant, Italy) were considered and analyzed to investigate the influence of implant geometrical factors, such as shape and thread pitch, on the change of the natural frequency (i.e. resonance frequency) of bone-implant system during osseointegration.
These implants were designated as: A (cylindrical implant with internal hexagon connection TIC-10); B (conical implant with inside hexagon connection and medium thread TICc-10 BL); C (conical transmucous implant with internal hexagon connection and double thread TVI5-3-Tr-PLUS) and D (conical implant with internal hexagon connection and progressive thread PROGRESSIVE 5-10). The geometrical features of these implants are shown in Fig. 1. 
Generation of solid models
Solid models of ISOMED ® Dental implants were obtained by means of reverse engineering techniques [11] : the outer shape was digitised by a laser scanner: CAM2 Edge SCANARM HD -FARO (accuracy ±25 μm).
Point clouds were imported into Geomagic Studio ® software, where 3D tessellated surfaces were created, and sharp edges and cross section curves were obtained through feature detection algorithms [33] . Finally, the implant parametric 3D CAD model was created using SolidWorks ® software ver. 2017 (SolidWorks Corporation, Concord, MA, USA).
The mandibular bone geometry was established using CT scan images (slice thickness 1 mm, standard energy and current levels: 120 kV and 200 mA). Image data sets were processed using Mimics ® software by Materialise. CAD 3D volume reconstruction was performed using Rhinoceros © software by Robert McNeel & Associates. The geometry was subsequently sectioned to focus the analysis on the portion of the mandibular branch containing the implant (Fig. 2) .
Each implant was virtually placed in the mandibular bone volume. Boolean operations were carried out to ensure the congruence of interfacial boundaries of the implant and bone.
The transverse mandibular section, shown in Fig. 2 , consists of four distinct areas: an outer shell of cortical bone with 1.2 mm thickness in the coronal area, an inner volume of trabecular bone and two interfacial volumes. The interfacial volumes extend up to 1 mm external to the implant thread [22] and represent the cortical and trabecular bone regions, respectively. They are affected by implant placement and their properties will change, as a result of progressive implant osseointegration [19] .
Implant models were placed in a coordinate system, where the 1-axis and 2-axis were chosen for the buccolingual direction and mesio-distal direction, respectively, while the 3-axis was oriented upwards (Fig. 2a ).
Numerical simulation
The effect of the level of osseointegration on the natural frequencies of implant vibration was analyzed by means of a modal three-dimensional Finite Element (FE) Analysis using ANSYS ® v. 17.0.
In total, six different FE models were created and analyzed. ANSYS software was used to mesh boneimplant system components. All volumes were discretized by 10-node tetrahedral elements TET10 with a global size ranging from 6.010 -5 mm to 0.5 mm. The total number of elements was equal to about 190,000 with approximately 320,000 nodes. To minimize the mesh-dependency of results, due to small radius of curvature and notch effects, mesh refinement techniques were used.
Mechanical properties assigned to each material are reported in Table 1 , where the k parameter was used to simulate the variation of bone mechanical properties during osseointegration. For example, k = 0.5 when the bone, during its maturation, has reached 50% of its mechanical properties at full maturation. For the density at both trabecular and cortical bone interface volumes, the k 1/3 parameter was used, according to [34] . Both cortical and trabecular bones were modelled as transversely isotropic and fully characterized by five independent elastic constants: E 1 =E 3 , E 2 , ν 12 = ν 23 , ν 13 , G 12 =G 23 , and the direction of the main orthotropy axes, as deduced from the literature [2] .
The mandibular branch was fully constrained in correspondence with its extreme sections; two different lengths (15 mm and 30 mm) of mandibular branch portion have been considered: the first length reproduces a geometry commonly studied in numerical analyses of implant modes of vibration [13, 19] ; the second length has been studied in order to check how modes of vibration would change in relation to free bone length that is in relation to different implant positions along the mandible or different mandible constrains (tight/slack muscles, supported/unsupported chin) .
A modal analysis was carried out for each boundary condition, and the first three resonance frequencies were evaluated with the respective vibration modes.
The resonance frequencies represent natural vibration frequencies of a structure when it is moved from its stationary conditions (like a plucked string). They are related, as are all such mechanical systems [35] , to structural stiffness, mass distribution, and boundary conditions. Finite element programs are able to calculate the value of resonance frequencies provided that the stiffness matrix, mass matrix and boundary conditions are defined. Structures can have more than one mode of vibration, corresponding to different deformed shapes. For example, a truss can bend on two planes or it can undergo torsion; consequently more than one resonance frequencies are calculated, and they are usually sorted in an ascending order.
Results
In this section, the change in the natural frequency versus osseointegration level, for different implant designs, was reported and analyzed. Fig. 3 depicts, for implants A, B, C and D, the first three modal frequency trends for the first boundary condition case ('long branch'). All curves have a similar pattern: the resonance frequency sharply increases, corresponding to a bone maturation level between 1% and 10%. But for bone maturation levels greater than 10%, the sensitivity of the resonance frequency to bone maturation reduced. Fig. 4 shows modal shapes for k> 0.01: the first vibration mode was due to bone flexion about the '3' axis; the second vibration mode was produced by bone flexion about the '1' axis, and, finally, the third vibration mode was due to bone torsion.
Only for k=0.01 was the implant displacement inside the bone evident. With reference to the first mode of vibration -and considering the frequency difference between 100% and 1% integration as a reference -over 45% of this increase was achieved at 10% osseointegration; 64-73% was achieved at 20%; 85-89% was achieved at 50% osseointegration. However, the difference between the resonance frequency at whole bone maturation and the resonance frequency at 1% bone maturation remained less than 6.9% for all modes, with the exception of the third mode of vibration in 'implant D' where this difference reached 9.7%. Implant 'E' produced a significant difference only in relation to the second mode of vibration (2.7%), since osseointegration resulted in a 0.5% and 0.8% variation for the first and third mode of vibration, respectively. This implant exhibited the smallest variations in resonance frequencies due to its small size. Differences in resonance frequency between models 'E' and 'D' reached 10.5% (for the second mode) and were equal to 7.4% for the first mode.
Further evaluation was made for a shorter mandibular branch ('short branch'), as detailed in the previous paragraph, with the aim of comparing results with previous research, reducing mandibular bone deformation and giving more emphasis to implant displacement within the bone.
The pattern of frequency increases versus osseointegration level (Fig. 5) was still non-linear, but more gradual than in Fig. 3 . The modes of vibration were completely different, since implant displacements within the bone now played a greater role (Fig. 6) . In more detail: the first modal shape was still due to bone flexion about the '3' axis; the second was a vertical displacement of the implant inside bone (here the implant behaves as if it were constrained with slide contact at the interface volume of trabecular bone [36] ) for low osseointegration levels, while this same mode of vibration was due to bone flexion about '1' axis for high (>20%) osseointegration levels. Finally, the third modal shape was due to a rotation of the implant about the '2' axis at low osseointegration levels and to bone torsion at high osseointegration levels (>20%).
With reference to the first mode of vibration -and considering the frequency difference between 100% and 1% integration as a reference -61-68% of this increase was achieved at 10% osseointegration; 72-79% was achieved at 20%; 89-93% was achieved at 50% osseointegration. The difference between resonance frequency at whole bone maturation and resonance frequency at 1% bone maturation remained less than 7.4% for the first mode of vibration, but it reached over 16.8% for the second and third modes; the second mode of vibration being slightly more sensitive. However, implant 'E' underwent variation of only 5.6,] and 9.2%. In more detail, the implant 'D' model allowed the most sensitive estimate of osseointegration level from the resonance frequency for the first mode of vibration (7.4% difference when moving from 1% to 100% osseointegration level). The 'C' implant, for the second and third modes of vibration, exhibited 16.9% and 16.2% differences, when moving from 1% to 100% osseointegration level, respectively). Differences in resonance frequency between models 'E' and 'D' reached 20.0% (for the second mode) and were equal to 14.5% for the first mode.
The first mode is the reference mode for usual types of implant device [21] .
Discussion
The bone implant system can be analysed as a vibrating mechanical system, made of two components: the mandibular bone and the implant. Unless the mandibular bone is sufficiently secured, vibration will be largely dominated by the low-frequency, global flexural modes of the bone block which are independent of the level of osseointegration. If the mandibular bone is sufficiently secured, then the effect of osseointegration on the natural frequency can be predicted with reference to a classical dynamic system made of a mass, suspended on a spring, where the lumped mass is the implant (Fig. 7b) . The complexity of the system is due to the stiffness being different along the implant length. In clinical reality, the whole implant is surrounded by a maturing bone cylinder (K 1 in Fig. 7b ). This cylinder is bounded by a cortical bone shell cervically (K 2 in Fig. 7b ), while it is bounded by a trabecular bone volume apically (K 3 in Fig.   7b ). When two springs are put in series (as K 1 -K 2 and K 1 -K 3 ), the softest one plays the major role. This implies that at the beginning of osseointegration the system can be approximated as shown in Fig. 7c : both cervically and apically the major contribution is given by the maturing bone stiffness K 1 . As a result, on the left side of Fig. 5 , the resonance frequencies are very sensitive to the osseointegration level and show a monotonic increment.
At the end of the osseointegration process the reference model is more complex, being the one shown in Fig.   7d . Cervically there are two equivalent stiffness (K 2 ), while apically, K 3 plays the major role. The respective weight of upper (K 1 , K 2 ) and lower (K 2 , K 3 ) springs depends on the implant shape (cylindrical or tapered) and on the mode of vibration being analyzed. For example, they have comparable contributions in relation to a vertical translation of the implant, while their respective contributions change in relation to the height of the center of rotation when the implant rotates in the mesio-distal or bucco-lingual plane.
When a 'long' bone block is considered (Fig. 3) , the first (i.e the lowest frequency) vibration modes are produced by deformation of the mandibular bone itself, with minimum displacement of the implant relative to the bone. Experimental results illustrating such a behavior can be found in the literature. In [23] , for example, the mode frequency (around 6 KHz) did not undergo significant changes as time-from-implantation elapsed for 'successful implants'. So this could indicate that the frequency being measured corresponded to a mandibular bone vibration mode. The predominance of mandibular deformation on implant displacement within bone has been also outlined in numerical work by Natali et al. [19] . These authors suggested the use of a cantilever mass to detect within-bone implant displacements among the first modal shapes. However, this solution has not been implemented in currently used implant devices.
When the 'short' bone block was evaluated, mandibular bone vibration frequencies moved to higher values (the flexural frequency of beams is proportional to the respective squared length) and the first (i.e the lowest frequency) vibration modes were produced by displacements of the implant relative to the bone, provided that bone maturation was less than 20%. The resultant numerical findings can be qualitatively compared to in vitro experimental results obtained by Huang et al. [12] , where Brannemark dental implants were implanted into bone blocks, which were cut from the lumbar vertebrae of hogs. The the first vibration frequency was around 10 kHz (for 1 mm exposed height implants).
An implication of these findings is that the order of vibration modes may be different, depending on the modes of vibration excited in the mandibular bone. Such effects may occur whenever implants are well osseointegrated but the mandible is not supported (unsupported chin; slack muscles) and also the studied implant is distant from the mandibular condyle (that is its main constraint). So the 'first' modes of vibration represent whole mandible vibrations and are less sensitive to osseointegration. Whole mandible modes of vibration can also explain why resonance frequencies are dependent upon different implant locations [20] : the distance of the point of excitation from the boundary constraints determines which mandible vibration modes are actually excited.
Another implication of these findings is to suggest an experimental protocol to verify which kind of modes are actually measured. If the mode frequency undergoes a significant change in relation to boundary conditions (supported/unsupported chin; tight/slack muscles), then whole bone vibration modes are likely to be measured, which are less sensitive to osseointegration level.
Different implant shapes and threads can result in different trends of resonance frequency versus osseointegration level. In more detail: tapered implants ('C' and 'D' models in the present paper) were found to be the most sensitive to osseointegration level.
Modes of vibrations where implant displacement is relevant have proved to be more sensitive to osseointegration, especially when a linear displacement of the implant along the 3-axis is involved. In vivo experiments on pins inserted in fractured tibia of dogs have shown that the natural frequency did not change even if radiographic changes around the interface were observed [37] . But this could be explained by the reduced size of the implant (see model 'E' results in this study).
As a general rule, modal analysis methods provide a more sensitive estimation of the osseointegration process in the very initial phase, and they give fair indications when the ossointegration level is beyond 50%, or even lower in those areas of the mandible which undergo large displacement. This finding agrees with results obtained by Li and coworkers through a numerical model where also bone remodeling was simulated [18] .
Optimization of modal frequency analysis as a clinical tool to evaluate bone integration requires establishment of repeatable and detailed protocols to be able to measure the same mode of vibration.
Numerical models like those developed here and in previous work [27] [28] [29] [30] [31] [32] can provide a useful tool to understand experimental results and to optimize the measurement protocol. These models can be further improved by simulating bone maturation. A simplified remodeling law has been here assumed where mechanical properties are uniform in the cylinder surrounding the bone implant, but more complex behavior could be simulated, by calculating bone remodeling in relation to bone loads [18] , or even by incorporating transport phenomena governing bone metabolism through multiphysics models [38] .
Conclusions
The following conclusions were drawn:
1. Resonance frequencies and their pattern towards osseointegration level are significantly different between implants having different outer shapes and thread pitches; tapered implants are the most sensitive to bone maturation levels; small implants have very low sensitivity.
2. The trend of resonance frequency versus osseointegration level is similar between flexural modes of vibration on mesio-distal and bucco-lingual planes.
3. Studying axial modes of vibration could bring a limited benefit.
4. Resonance frequencies generally showed reduced sensitivity to bone maturation levels beyond 50%. 
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